The increase in hepatocellular carcinoma (HCC) incidence^[@R2]^, the undruggable nature of HCC mutations and unresponsiveness of these tumours to therapy highlight the urgency to develop novel therapeutic approaches for this disease^[@R7]^. We and others have proposed a "one-two punch" approach to cancer therapy in which the first drug induces a vulnerability exploited by the second drug^[@R4],[@R5]^. Senescent cells have distinct cellular features, which can confer sensitivity to senolytic agents^[@R8],[@R9]^. Here we experimentally validate the "one-two punch" therapy for *TP53* mutant liver cancers.

To identify genes whose inactivation can induce senescence in liver cancer cells, we employed a CRISPR-Cas9 genetic screen using a lentiviral gRNA library representing all human kinases in Hep3B and Huh7 liver cancer cells^[@R10]^ ([Fig. 1a](#F1){ref-type="fig"}). We identified 38 kinases required for proliferation ([Fig. 1b](#F1){ref-type="fig"}, [Extended Data Fig. 1a](#F5){ref-type="fig"}, Supplementary Table 1), 14 of which could be inhibited by small molecule compounds ([Fig. 1b](#F1){ref-type="fig"}). We screened compounds targeting these 14 kinases for their ability to induce senescence selectively in liver cancer cells ([Fig. 1c](#F1){ref-type="fig"}). XL413, a potent inhibitor of the DNA replication kinase CDC7^[@R11]^, was most selective in inducing senescence-associated β-galactosidase (SA-β-Gal, a marker of senescence) in Hep3B and Huh7 as compared to non-transformed BJ and RPE-1 human cell lines ([Fig. 1c](#F1){ref-type="fig"}). These findings suggest that CDC7 inhibition could represent a novel senescence-inducing strategy in liver cancer.

As seen in several tumour types^[@R12]^, liver cancer cell lines express higher levels of CDC7 compared to non-transformed cells ([Extended Data Fig. 1b](#F5){ref-type="fig"}). *CDC7* expression is upregulated in tumour tissues relative to paired non-tumour tissues in two liver cancer cohorts (n=213 and n=50) ([Fig. 1d](#F1){ref-type="fig"}) and this was confirmed at the protein level ([Extended Data Fig. 1c](#F5){ref-type="fig"}). Moreover, in a cohort of 365 HCC patients^[@R13]^ the highest tumour levels of CDC7 mRNA exhibited worst survival ([Extended Data Fig. 1d](#F5){ref-type="fig"}).

We treated a panel of non-transformed cells and liver cancer cell lines with increasing concentrations of XL413. Interestingly, proliferation was impaired in *TP53* mutated liver cancer cell lines, while *TP53* wild-type liver cancer cell lines (SK-Hep1 and Huh6 cells) and all four non-transformed cell lines displayed no sensitivity to XL413 ([Fig. 2a](#F2){ref-type="fig"}). The XL413-sensitive cell line HepG2 is an outlier in this respect, but carries an *ATM* mutation, which acts upstream of p53 in the DNA damage response. Importantly, shRNA-mediated *TP53*-knockdown in wild-type cells sensitized them to CDC7 inhibition ([Extended Data Fig. 1e-g](#F5){ref-type="fig"}), indicating a causal relationship between *TP53* mutation status and sensitivity to CDC7 inhibition.

The anti-proliferative effect of XL413 was associated with induction of senescence markers in *TP53* mutant liver cancer cells, but not in *TP53* wild-type liver cancer and non-transformed cells ([Fig. 2b](#F2){ref-type="fig"}, [Extended Data Fig. 2a](#F6){ref-type="fig"}) and a senescence signature^[@R14]^ was enriched in XL413-treated *TP53* mutant HCC cells ([Fig. 2c](#F2){ref-type="fig"}). The notion that CDC7 inhibition induces a senescence-like state in *TP53* mutant liver cancer cells is further supported by the finding that i) XL413 drug withdrawal does not lead to re-entry into the cell cycle in the majority of HCC cells, ii) XL413 induced senescence associated heterochromatin foci (SAHFs) and iii) XL413 induced expression of a number of cytokines, part of the Senescence Associated Secretory Phenotype^[@R15]^ (SASP, [Extended Data Fig. 2b-d](#F6){ref-type="fig"}). There was no evidence for significant apoptosis induction in XL413-treated *TP53* mutant HCC cells ([Extended data Fig. 2e](#F6){ref-type="fig"}). Comparable results were obtained with two unrelated CDC7 inhibitors, LY3177833 and TAK-931 ([Extended Data Fig. 3a-f](#F7){ref-type="fig"}). Consistent with this, *CDC7* gene knockdown impaired proliferation and induced senescence in *TP53* mutant liver cancer cells, but had no effect on *TP53* wild-type cells ([Extended Data Fig. 3g-i](#F7){ref-type="fig"}).

Phosphorylation of MCM2, a target of CDC7^[@R12]^, was equally suppressed by three CDC7 inhibitors in both *TP53* mutant and wild-type cells ([Fig. 2d](#F2){ref-type="fig"}, [Extended Data Fig. 4a, b](#F8){ref-type="fig"}), indicating no correlation between cell fate induced by CDC7 inhibitors and the degree of inhibition of its downstream targets. To further address why CDC7 inhibition selectively induces senescence in the context of mutated *TP53*, we assessed DNA damage-associated protein expression following XL413 treatment. Induction of γH2AX and DNA double strand breaks (DSB) was striking in *TP53*-mutant liver cancer cells after CDC7 inhibition compared to *TP53* wild-type cells, which instead displayed a clear upregulation of p21^cip1^ ([Fig. 2d, e](#F2){ref-type="fig"}, [Extended Data Fig. 4a-c](#F8){ref-type="fig"}). This differential effect is most readily explained by the finding that multiple DNA repair gene signatures are upregulated in *TP53* wild-type cells (SK-Hep1 and BJ) treated with XL413, but suppressed in *TP53* mutant cells upon CDC7 inhibition ([Fig. 2f](#F2){ref-type="fig"}, [Extended data Fig. 4d, e](#F8){ref-type="fig"}). Consistently, inhibition of DNA repair with the ATR inhibitor AZD6738 or with the CHK1 inhibitor MK-8776 in *TP53* wild-type liver cancer cells resulted in increased DSBs when combined with XL413 treatment ([Extended data Fig. 4f](#F8){ref-type="fig"}). CDC7 inhibition also resulted in a significant increase in duration of mitosis ([Extended data Fig. 4g, h](#F8){ref-type="fig"}). We further confirmed the specificity of Cdc7 inhibition effects in *Trp53*^−/−^ murine liver cancer cell lines^[@R16]^ ([Extended Data Fig. 4i, j](#F8){ref-type="fig"}). Moreover, XL413 induced senescence in *TP53* mutant, but not *TP53* wild-type non-small cell lung cancer cells ([Extended data Fig. 5a, b](#F9){ref-type="fig"}). Similarly, in isogenic *TP53*^−/−^ and *TP53*^+/+^ HCT116 colon cancer cells, CDC7 inhibition only induced senescence in *TP53^−/−^* cells ([Extended data Fig. 5c-e](#F9){ref-type="fig"}).

Senescence induction represents a double-edged sword for tumour control^[@R15],[@R17]^ and the potentially harmful properties of senescent tumour cells make their elimination therapeutically relevant. The high concentration of the senolytic BH3 mimetic ABT263^[@R8]^ required to promote XL413-induced senescent cells apoptosis and the lack of sensitivity of these cells to dasatinib^[@R9]^ prevent their translational use in the clinic (data not shown). We therefore sought to identify less toxic compounds to selectively kill senescent liver cancer cells using a G Protein Coupled Receptor compound library screen in both proliferating and XL413-treated senescent Huh7 cells ([Extended data Fig. 6a](#F10){ref-type="fig"}). Only the anti-depressant sertraline exhibited differential effects on proliferating versus XL413-induced senescent cells ([Extended data Fig. 6b, c](#F10){ref-type="fig"}), as it had modest effects on proliferating cells, but induced significant apoptosis post XL413 treatment ([Extended data Fig. 6d-f](#F10){ref-type="fig"}).

The concentration of sertraline needed to induce senescent-cell apoptosis precludes its clinical use. We therefore explored the mechanism through which sertraline selectively induces apoptosis in XL413-induced senescent cells. We analysed different signalling pathways in sertraline treated cells and found that sertraline treatment leads to inhibition of p-S6RP and p-4EBP1 in XL413-induced senescent cells ([Extended data Fig. 6g](#F10){ref-type="fig"}) suggesting that the apoptotic effects of sertraline may involve regulation of mTOR signalling, as previously reported^[@R18]^. Consistently, GSEA analyses following RNA-sequencing of XL413 and sertraline sequential treatment indicated enrichment of a gene set related to downregulation of mTOR signalling ([Extended data Fig. 6h](#F10){ref-type="fig"}).

To explore whether mTOR inhibitors may be used as effective drugs in our XL413-induced senescence models, we analysed the activity of two mTOR inhibitors (AZD8055 and AZD2014). Both inhibitors induced apoptosis in XL413-treated *TP53* mutant liver and lung cancer cells, while only limiting proliferation of untreated cells ([Fig. 3a, b](#F3){ref-type="fig"}, [Extended Data Fig. 6i-k](#F10){ref-type="fig"}). As expected, sequential treatment with AZD8055 did not lead to apoptosis in non-senescent, XL413-pretreated *TP53* wild-type liver cancer cells ([Extended Data Fig. 6l](#F10){ref-type="fig"}). Importantly, mTOR signalling was further inhibited in XL413-induced senescent cells exposed to AZD8055 or AZD2014 compared to proliferating cells ([Fig. 3c](#F3){ref-type="fig"}, [Extended Data Fig. 6m](#F10){ref-type="fig"}).

mTOR blockade results in a feedback loop reactivation of mTOR signalling through Receptor Tyrosine Kinase (RTK) engagement, thus limiting mTOR inhibitor efficacy^[@R6]^. We explored the feedback activation of mTOR signalling in time-course experiments and found that rapid re-activation of mTOR, as judged by multiple site phosphorylation of S6RP and 4EBP1, was observed in proliferating Hep3B cells, but not in senescent Hep3B cells ([Fig. 3d](#F3){ref-type="fig"}). This feedback re-activation loop may stem from both transcriptional and biochemical activation of EGFR, PDGFRβ and IGF-1R, leading to increase p-SHP2, a process that is disrupted in XL413-treated Hep3B cells ([Extended Data Fig. 7a-c](#F11){ref-type="fig"}). Combining mTOR and SHP2 inhibitors resulted in inhibition of feedback reactivation of mTOR signalling and caused cell death in proliferating Hep3B cells ([Fig. 3e-g](#F3){ref-type="fig"}), indicating that suppression of mTOR reactivation is critical for apoptosis induction in senescent cells. Supporting these findings, mTOR inhibition also induced AKT activation in proliferating cells and AKT inhibition synergized with mTOR blockade to induce cell death ([Extended Data Fig. 7d-f](#F11){ref-type="fig"}). Oncogene-induced senescent primary fibroblasts were insensitive to AZD8055 ([Extended data Fig. 8a, b](#F12){ref-type="fig"}), indicating that not all senescent cells are killed by mTOR inhibition. Importantly, feedback re-activation of mTOR was not impaired in cisplatin or alisertib-induced Hep3B senescent cells and consequently, no cell death was observed following mTOR inhibition ([Extended data Fig. 8c-e](#F12){ref-type="fig"}). These data indicate that mTOR inhibitor efficacy has context dependency and relies on CDC7-inhibitor treatment.

To assess whether our *in vitro* findings can be recapitulated *in vivo*, we generated Huh7 and MHCC97H xenografts. XL413-treated tumours showed increased DNA damage and SA-β-gal^+^ senescent cells as compared to vehicle, AZD8055 or combination-treated tumours, indicating that CDC7 inhibition induces senescence *in vivo* ([Extended Data Fig. 9a](#F13){ref-type="fig"}). No SA-β-gal staining was observed in *TP53* wild-type SK-Hep1 tumours treated with XL413, consistent with the notion that CDC7 inhibition only induces senescence in a *TP53* mutant background ([Extended data Fig. 9b](#F13){ref-type="fig"}). Compared to sorafenib treatment, the combination of XL413 and AZD8055 elicited a more effective growth inhibition, and combination-treated *TP53-*mutant xenografts displayed diminished proliferation and p-4EBP1 activation associated with increased apoptosis ([Fig. 4a](#F4){ref-type="fig"}, [Extended data Fig. 9c-g](#F13){ref-type="fig"}).

In immune-competent, somatic murine models of HCC^[@R19]^ ([Extended Data Fig. 10a](#F14){ref-type="fig"}), treatment with XL413 induced senescence specifically in *Trp53* deficient tumours (*Myc*^OE^;*Trp53*^KO^), but not in *Myc*^OE^;*Pten*^KO^ tumours ([Extended Data Fig. 10b](#F14){ref-type="fig"}). *Myc*^OE^;*Trp53*^KO^ tumour-bearing mice receiving XL413 or AZD8055 monotherapy showed a modest reduction in tumour volume and increased animal lifespan, while XL413 combined with AZD8055 was well-tolerated, significantly reduced tumour burden and increased survival compared to either monotherapy or to sorafenib in this aggressive HCC model ([Fig. 4b-e](#F4){ref-type="fig"}, [Extended Data Fig. 10c-f](#F14){ref-type="fig"}). Importantly, the number of SA-β-gal and p16^INK4A^ positive cells was decreased in the combination-treated group, suggesting that senescent cells were efficiently eliminated by AZD8055 treatment ([Fig. 4f, g](#F4){ref-type="fig"}, [Extended Data Fig. 10g, h](#F14){ref-type="fig"}). An influx of macrophages (CD11b^+^Ly6C^-^Ly6G^-^), CD4^+^ T cells and increased proliferation of CD4^+^ and CD8^+^ T cells were observed post-XL413 at the intermediate time-point of treatment. These changes were largely lost in the combination-treated groups and in XL413-treated endpoint tumours ([Extended Data Fig. 10i](#F14){ref-type="fig"}). Withdrawal of XL413 after induction of senescence *in vivo* did not alter the absolute number of senescent cells, suggesting that infiltrating immune cells were unable to efficiently clear senescent cells ([Extended Data Fig. 10j](#F14){ref-type="fig"}).

Our data indicate that CDC7 inhibitor pro-senescence therapy combined with mTOR inhibitor may deliver clinical benefit in liver cancer, by alleviating both cell-autonomous^[@R20]^ and non-autonomous^[@R21]^ attributes of senescent cells, thus reducing risk of tumour relapse. Immune surveillance, while mobilized, had limited effect post-CDC7 inhibition. It will be worthwhile to investigate whether combining immunotherapy, which has demonstrated activity in HCC^[@R22]^, with pro-senescence therapy can activate the cytotoxic potential of recruited immune cells in tumours treated with pro-senescence therapy.

Methods {#S1}
=======

Cell lines {#S2}
----------

The human liver cancer cell lines, Hep3B, Huh7, HepG2, SNU182, SNU398, SNU449, Huh6, SK-Hep1 and PLC/PRF/5 were provided by Erasmus University (Rotterdam, Netherlands). MHCC97H and HCCLM3 were provided by the Liver Cancer Institute of Zhongshan Hospital (Shanghai, China). The majority of liver cancer cell lines were established from hepatocellular carcinoma (HCC). Among them, SK-Hep1 was established from an endothelial tumour in the liver and Huh6 is a hepatoblastoma cell line. Liver cancer cells were cultured in DMEM with 10% FBS, glutamine and penicillin/streptomycin (Gibco^®^) at 37 °C / 5% CO~2~. The liver cancer cell lines were authenticated by applying short tandem-repeat (STR) DNA profiling. HCT116 (*TP53*^+/+^ and *TP53*^-/-^) cells were provided by Dr. Bert Vogelstein. hTERT immortalized BJ fibroblasts and retinal pigment epithelial cells (RPE-1) were provided by Xiaohang Qiao (Netherlands Cancer Institute, Amsterdam, The Netherlands). TIG-3 immortalized with hTERT and MCF-10A cells were provided by Li Li (Netherlands Cancer Institute, Amsterdam, The Netherlands). Two mouse liver cancer cell lines with different genetic background (*Nras*^G12V^;*Myc*^OE^;*Trp53*^−/−^ and *Nras*^G12V^;*Myc*^OE^;*Cdkn2a*^ARF−/−^) were provided by Lars Zender (University Hospital Tubingen, Tuebingen, Germany). Mycoplasma contamination was excluded via a PCR-based method.

Compounds and antibodies {#S3}
------------------------

XL413 (S7547), BMS265246 (S2014), ON-01910 (S1362), PD0166285 (S8148), LDC000067 (S7461), PF-03814735 (S2725), D 4476 (S7642), VE-821 (S8007), AZD8055 (S1555), AZD2014 (S2783), AZD6738 (S7693) and MK-8776 (2735) were purchased from Selleck Chemicals. THZ531 (A8736) was purchased from ApexBio. XL413 (205768), BLU9931 (206192) and LY3177833 (206762) were purchased from MedKoo. TAK-931 (CT-TAK931) was purchased from Chemietek. XL413 (A13677) was also purchased from AdooQ BIOSCIENCE. The SHP2 inhibitor used in this study is covered by a patent application (WO 2015/107495A1; compound \#57) and was synthesized as described previously^[@R23]^.

Antibodies against HSP90 (sc-7947, sc-13119), p53 (sc-126), p21 (sc-6246), and SHP2 (sc-280) were purchased from Santa Cruz Biotechnology. Antibodies against CDC7 (ab77668), p-MCM2 (ab109133, ab133243), MCM2 (ab4461), p-SHP2 (ab62322), PCNA (ab2426), and Cleaved caspase-3 (ab2303) were purchased from Abcam. Antibodies against γH2AX (\#9718), p-S6RP (\#4856, \#5364), S6RP (\#2317), p-4EBP1 (\#9456, \#2855, \#9455), 4EBP1 (\#9644), p-IGF-1R/INSR (\#3024), IGF-1R (\#9750), p-PDGFRβ (\#3161), PDGFRβ (\#4564), p-AKT (\#4060), and AKT (\#2920) were purchased from Cell Signalling. EGFR antibody (610017) was purchased from BD Biosciences. H3K9Me3 antibody (49-1008) and p-EGFR (44-788) were from Thermo Fisher Scientific.

Pooled 'stress lethal' CRISPR screen {#S4}
------------------------------------

For the design of the kinome CRISPR library, 5,971 gRNAs targeting 504 human kinases, 10 essential genes and 50 non-targeting gRNAs were selected. Oligos with gRNA sequences flanked by adapters were ordered from CustomArray Inc (Bothell, WA) and cloned as a pool by GIBSON assembly in LentiCRISPRv2.1. The kinome CRISPR library was introduced to Hep3B and Huh7 cells by lentiviral transduction. Cells stably expressing gRNA were cultured for 14 days. The abundance of each gRNA in the pooled samples was determined by Illumina deep sequencing. gRNAs prioritized for further analysis were selected by the fold depletion of abundance in T14 sample compared with that in T0 sample, using methods as described previously^[@R24]^.

### Compound screens {#S5}

#### A. Induction of senescence screen {#S6}

We performed a compound screen including 10 small-molecule inhibitors that targeting the 14 hits identified in the CRISPR screen. Compounds used for this screen are described in [Fig. 1c](#F1){ref-type="fig"}. Each compound was evaluated in two liver cancer cell lines (Hep3B and Huh7) and two non-transformed cell lines (BJ and RPE-1) using 5 different concentrations. The screens were performed in three replicates of each cell line. Senescence associated-β-galactosidase (SA-β-Gal) staining was performed after 4 days of treatment.

#### B. Killing senescent cells screen {#S7}

Cells were screened for sensitivity against a panel of 260 small-molecule inhibitors from a GPCR compound library (L2200, Selleck Chemicals). Briefly, Huh7 cells were treated with 10 μM XL413 for 5 days and then control cells and XL413-treated cells were plated in 96-well plates. All compounds from GPCR library were tested at 4 different concentrations. Each plate included 8 wells containing DMSO (negative control) and 8 wells containing 10 μM PAO (positive control). Cell viability in each well was determined using the CellTiter-Blue reagent (Promega). The relative survival of control cells and XL413-treated senescent cells in the presence of drug was normalized against control conditions (untreated cells) after subtraction of background signal.

SA-β-Gal staining {#S8}
-----------------

SA-β-Gal staining was performed either in 6-well or 96-well plates (for *in vitro* studies), on 10-μm-thick cryosections from xenografted tumours or on 8-μm-thick cryosections from HDTVi-generated *Myc*^OE^;*Trp53*^KO^ tumours, using a commercial kit (Sigma), following the manufacturer's instructions.

Protein lysate preparation and western blots {#S9}
--------------------------------------------

Cells were washed with PBS and lysed with RIPA buffer supplemented with Complete Protease Inhibitor (Roche) and Phosphatase Inhibitor Cocktails II and III (Sigma). Protein quantification was performed with the BCA Protein Assay Kit (Pierce). All lysates were freshly prepared and processed with Novex NuPAGE Gel Electrophoresis Systems (Thermo Fisher Scientific) followed by western blotting.

Immunohistochemical staining {#S10}
----------------------------

HCC specimens were obtained from 80 patients (from 26-76 years old) who underwent curative surgery in Eastern Hepatobiliary Hospital of the Second Military Medical University in Shanghai, China. Patients were not subjected to any preoperative anti-cancer treatment. Ethical approval was obtained from the Eastern Hepatobiliary Hospital Research Ethics Committee, and written informed consent was obtained from each patient. Of these cases, 12 patients are female and 68 patients are male. 59 patients had an HBV infection background. Clinical information, including tumour number, diameter of tumour, tumour differentiation, serum AFP, status of cancer recurrence, disease-free survival and death from recurrence was collected. For immunohistochemical analysis, formalin-fixed paraffin-embedded samples from HCC patients were probed with CDC7 antibody (ab77668, Abcam). Formalin-fixed paraffin-embedded samples were also obtained from xenograft tumours or tumours from immunocompetent somatic murine models and then probed with antibodies against PCNA (ab2426, Abcam), Cleaved caspase-3 (ab2303, Abcam), p-4EBP1 (\#2855, Cell signalling) or p16 (ab54210, Abcam). Following incubation with the primary antibodies, positive cells were visualized using DAB+ as a chromogen. For the analysis of p16 and SA-β-Gal staining, slides were digitally processed using the Aperio ScanScope (Aperio) at a magnification of 20X. Nodule size was drawn by hand in HALO™ image analysis software (Indica Labs) and an algorithm was designed with the Multiplex IHC v1.2 module to quantify the number of positive cells^[@R25]^ either as absolute or per mm^2^, as indicated in figure legends.

Long-term cell proliferation assays (colony formation) {#S11}
------------------------------------------------------

Cells were cultured and seeded into 6-well plates at a density of 0.5-4 × 10^4^ cells per well, depending on growth rate, and were cultured in medium containing the indicated drugs for 10-14 days (medium was changed twice a week). Cells were fixed with 4% formaldehyde in PBS and stained with 0.1% crystal violet diluted in water.

Plasmids {#S12}
--------

All lentiviral shRNA vectors were retrieved from the arrayed TRC human genome-wide shRNA collection.

shCDC7\#1:TRCN0000003168_CCGGGCCACAGCACAGTTACAAGTACTCGAGTACTTGTAACTGTGCTGTGGCTTTTT;

shCDC7\#2:TRCN0000196542_CCGGGAAGCTTTGTTGCATCCATTTCTCGAGAAATGGATGCAACAAAGCTTCTTTTTTG.

shp53\#1:TRCN0000010814_CCGGGAGGGATGTTTGGGAGATGTACTCGAGTACATCTCCCAAACATCCCTCTTTTT

shp53\#2:TRCN0000003754_CCGGTCAGACCTATGGAAACTACTTCTCGAGAAGTAGTTTCCATAGGTCTGATTTTT

shp53\#3:TRCN0000003755_CCGGGTCCAGATGAAGCTCCCAGAACTCGAGTTCTGGGAGCTTCATCTGGACTTTTT

Incucyte cell proliferation assay and apoptosis assay {#S13}
-----------------------------------------------------

Indicated cell lines were seeded into 96-well plates at a density of 1,000-8,000 cells per well, depending on growth rate and the design of the experiment. About 24 hours later, drugs were added at the indicated concentrations using the HP D300 Digital Dispenser (HP). Cells were imaged every 4 h using the Incucyte ZOOM (Essen Bioscience). Phase-contrast images were analysed to detect cell proliferation based on cell confluence. For cell apoptosis, caspase-3/7 green apoptosis assay reagent was added to culture medium and cell apoptosis was analysed based on green fluorescent staining of apoptotic cells.

RNA sequencing {#S14}
--------------

RNA (one sample per cell line / condition) was isolated using Trizol, and cDNA libraries were sequenced on an Illumina HiSeq2500 to obtain 65-bp single-end sequence reads. Reads were aligned to the GRCh38 human reference genome. Gene set enrichment analysis (GSEA) was performed using gene set enrichment analysis software as described previously^[@R26]^. The FRIDMAN_SENESCENCE_UP gene set was used to assess the enrichment of senescence-associated genes in the XL413-treated versus control cells^[@R14]^. DNA damage repair-related gene sets were used to assess the enrichment of DNA damage repair-associated gene in the XL413-treated versus control cells. Enrichment scores were corrected for gene-set size (normalized enrichment score). The PENG_RAPAMYCIN_RESPONSE_DN gene set was used to assess the enrichment of downregulation of mTOR signalling in liver cancer cells sequentially treated with XL413 and sertraline versus control cells^[@R27]^. The *P* value estimates the statistical significance of the enrichment score for a single gene set as described previously^[@R26]^. The exact *P* value is shown in the figures unless the *P* value \< 0.001.

Immunofluorescence and image analysis {#S15}
-------------------------------------

For immunofluorescence microscopy, cells were seeded on glass coverslips and cultured in the presence of 10 μM XL413 for 7 days. Cells were fixed in 2% paraformaldehyde and permeabilized with 0.2% Triton X-100 for 5 min, blocked with PBS containing 2% bovine serum albumin (BSA; Sigma-Aldrich) for 45 min and subsequently incubated with H3K9Me3 antibody (Thermo Fisher Scientific, 49-1008) and goat anti-rabbit Alexa Fluor 488 (Invitrogen; 1:200) for 1h, respectively. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). Samples were mounted on glass slides in Mowiol after three washing steps with PBS. Images were acquired with a Leica TCS SP5 confocal microscope with a 63x (NA 1.4) oil objective. Image processing was performed using ImageJ software.

Neutral comet assay {#S16}
-------------------

To detect DNA double strand breaks (DSBs), neutral comet assays were performed as previously described^[@R28]^. Shortly, cells were harvested and embedded in 1% low-gelling-temperature agarose (Sigma-Aldrich). Cell suspension was used to make gels onto Comet assay slides (Trevigen). Cells in the agarose gels were lysed at 37 °C in lysis buffer (2% sarkosyl, 0.5M Na~2~EDTA and 0.5 mg/ml Proteinase K) overnight. Subsequently, slides were washed three times for 30 minutes at room temperature in electrophoresis buffer (90 mM Tris-HCl pH=8.5, 90 mM Boric Acid and 2 mM Na~2~EDTA). Electrophoresis was performed for 25 minutes at 20 V in electrophoresis buffer. Afterwards, slides were washed once with MQ and DNA was stained using 2.5 µg/ml Propidium Iodide (PI) in MQ. Individual comets were imaged with Zeiss AxioObserver Z1 inverted microscope. Tailmoments of individual comets were assessed using the CASP software. For each condition, at least 50 cells were analysed.

Time-lapse live imaging {#S17}
-----------------------

To allow visualization of chromosomes, cells were transduced with a histone H2B-GFP (LV-GFP, Addgene plasmid\#25999). Cells were then plated 24 hours before starting the microscope acquisition. XL413 (10 μM) was added in the medium 1 hour before starting the movie. Cells were filmed over 96 hours and pictures were taken every 10 minutes. For each condition filmed, 5 different fields were selected. In each field we randomly choose and followed cells entering in mitosis (nuclear envelope breakdown, NEBD, was used as indicator of mitotic division onset).

qRT-PCR {#S18}
-------

Total RNA was extracted from cells using Trizol reagent from Invitrogen or Quick-RNA MiniPrep from Zymo Research. cDNA synthesis was performed using Maxima Universal First Strand cDNA Synthesis Kit from Thermo Scientific. qPCR reactions were performed with FastStart Universal SYBR Green Master (Rox) from Roche. The experiments were performed according to the manufacturer's instructions. The sequences of the primers used for qRT-PCR analyses were the following.

IL6_Forward, ACTCACCTCTTCAGAACGAATTG; IL6_Reverse, CCATCTTTGGAAGGTTCAGGTTG; IL8_Forward, TTTTGCCAAGGAGTGCTAAAGA; IL8_Reverse, AACCCTCTGCACCCAGTTTTC; MMP1_Forward, TTGTGGCCAGAAAACAGAAA; MMP1_Reverse, TTCGGGGAGAAGTGATGTTC; MMP3_Forward, CAATTTCATGAGCAGCAACG; MMP3_Reverse, AGGGATTAATGGAGATGCCC; CXCL1_Forward, CTTCCTCCTCCCTTCTGGTC; CXCL1_Reverse, GAAAGCTTGCCTCAATCCTG; CXCL10_Forward, GCTGATGCAGGTACAGCGT; CXCL10_Reverse, CACCATGAATCAAACTGCGA; EGFR_Forward, AGGCACGAGTAACAAGCTCAC; EGFR_Reverse, ATGAGGACATAACCAGCCACC; IGF-IR_Forward, TCGACATCCGCAACGACTATC; IGF-IR_Reverse, CCAGGGCGTAGTTGTAGAAGAG; INSR_Forward, AAAACGAGGCCCGAAGATTTC; INSR_Reverse, GAGCCCATAGACCCGGAAG; PDGFRB_Forward, AGCACCTTCGTTCTGACCTG; PDGFRB_Reverse, TATTCTCCCGTGTCTAGCCCA; GAPDH_Forward, AAGGTGAAGGTCGGAGTCAA; GAPDH_Reverse, AATGAAGGGGTCATTGATGG. All reactions were run in triplicate.

Human Phospho-RTK Array {#S19}
-----------------------

Phospho-RTK Arrays were utilized to analyse alterations of kinase signalling in response to AZD8055 treatment in Hep3B cells according to the manufacturer's instructions (R&D systems).

Xenografts {#S20}
----------

All animals were manipulated according to protocols approved by the Shanghai Medical Experimental Animal Care Commission and Shanghai Cancer Institute. Maximum permitted tumour volumes were 2,000 mm^3^. Huh7 and MHCC97H cells (5 × 10^6^ cells per mouse) were injected subcutaneously into the right posterior flanks of 6-week-old BALB/c nude mice (male, 6-10 mice per group). Tumour volume based on calliper measurements was calculated by the modified ellipsoidal formula: tumour volume = ½ length × width^2^. After tumour establishment, mice were randomly assigned to 6 days / week treatment with vehicle, XL413 (50-100 mg/kg, oral gavage), AZD8055 (10-20 mg/kg, oral gavage), or a drug combination in which each compound was administered at the same dose and schedule as single agent. For sorafenib treatment assay, Huh7 and MHCC97H-pLKO cells (5 × 10^6^ cells per mouse) were injected subcutaneously into the right posterior flanks of 6-week-old BALB/c nude mice (male, 6 per group). Mice were randomly assigned to treatment 6 days / week with vehicle or sorafenib (30 mg/kg, daily gavage). The investigators were not blinded to allocation during experiments and outcome assessment.

Immunocompetent HCC murine models {#S21}
---------------------------------

All animal study protocols were approved by the NKI Animal Welfare Body. Vectors for hydrodynamic tail-vein injection (HDTVi) were prepared using the EndoFree-Maxi Kit (Qiagen) and resuspended in a sterile 0.9% NaCl solution/plasmid mix containing 5 μg of pT3-c-myc (Addgene 92046), 5 μg of pX330-p53 (Addgene 59910) or pX330-Pten (Addgene 59909), and 2.5 μg of CMV-SB13 Transposase. A total volume mix corresponding to 10% of body weight was injected via lateral tail vein in 5-7 seconds into 6-8 weeks-old females C57Bl/6 mice (Janvier laboratories). Animals were monitored by weekly MRI post-HDTVi. MRI was performed in ParaVision 6.0.1 on a 7T Bruker BioSpec 70/20 USR with a ^1^H transmit-receive volume coil. T2-weighted images were acquired under 1-2% isoflurane in air/oxygen using a respiratory-gated sequence with TR/TE = 2500/25ms, 32 x 24mm field of view (320 x 240 matrix, resolution of 0.1mm), 30 x 0.7mm axial slices and 4 averages. MRI images were analysed with MIPAV (Medical, Image, Processing, Analysis, and Visualization software) to calculate tumour volume. The investigators were not blinded to allocation during experiments and outcome assessment.

When HCC were first visible by MRI, 14-21 days post HDTVi, tumour size-matched mice were randomized over the treatment groups: vehicle, XL413, AZD8055, combination of XL413 and AZD8055, or sorafenib. Mice were dosed 6 days/week with vehicle, XL413 (100 mg/kg, oral gavage), AZD8055 (20 mg/kg, oral gavage), a drug combination in which XL413 and AZD8055 were administered at the same dose as single agent, or with sorafenib (30mg/kg, oral gavage). For time point analysis, mice were sacrificed 14-16 days post-treatment initiation, while for survival curve and endpoint analysis, the treatment continued until mice where symptomatic (tumour reached a total volume ≥ 2 cm^3^).

No toxicity has been observed over the monotherapy groups. 17% of animals showed therapy-induced adverse events in the XL413 + AZD8055 treatment group while 83% of mice showed well-tolerated treatment response.

For SA-β-Gal staining quantitation, the sample size is described as following: vehicle, n=41 biologically independent nodules out of 7 mice; XL413, n=81 biologically independent nodules out of 11 mice; AZD8055, n=26 nodules out of 3 mice; combination, n=101 nodules out of 13 mice). For p16 staining quantitation, the sample size is described as following: vehicle, n=23 biologically independent nodules out of 3 mice; XL413, n=43 biologically independent nodules out of 5 mice; AZD8055, n=37 nodules out of 3 mice; combination, n=59 nodules out of 8 mice.

Flow Cytometry {#S22}
--------------

Mouse livers were perfused with PBS and then dissociated into single-cell suspension using the Liver Dissociation kit (Miltenyi Biotec) and the gentleMACS™ Octo Dissociator following manufacturer's instructions. The cell suspension was passed through a 100-μm cell strainer (Corning) and then centrifuged at 300g for 10 min at 4°C and washed 3 times in FACS buffer. Samples were incubated with anti-CD16/CD32 antibody (BD Biosciences) for 15 minutes and then stained with the indicated antibodies (Supplementary Table 2) following standard procedures. Samples were fixed with eBioscience fixation/permeabilization kit (Invitrogen) and Ki67 antibody was used for intracellular staining. The signal was detected by using a 4 lasers Fortessa® flow cytometer (Becton Dickinson). Analyses were carried out using FlowJo® software. The gating strategy is provided in supplementary information. For Macrophages, CD4 and CD8 T cells, the sample size was described as following: vehicle, intermediate timepoint n=7 mice, endpoint n=8 mice; XL413, intermediate timepoint n=3 mice, endpoint n=6 mice; AZD8055, intermediate timepoint n=3 mice, endpoint n=5; combination, intermediate timepoint n=6 mice, endpoint n=7 mice. Ki67^+^ cells in CD4 and CD8 T cell populations: vehicle, intermediate timepoint n=7 mice, endpoint n=8 mice; XL413, intermediate timepoint n=3 mice, endpoint n=4 mice; AZD8055, intermediate timepoint n=3 mice, endpoint n=5; combination, intermediate timepoint n=6 mice, enpoint n=3 mice.

Extended Data {#S23}
=============

![Upregulation of CDC7 mRNA correlates with poor prognosis of HCC patients and *TP53* knockdown sensitizes *TP53* wild-type liver cancer cells to CDC7 inhibitor.\
**a,** 38 common hits (among top 50 most strongly depleted hits in each cell line) were identified by CRISPR screen in Hep3B and Huh7 cells. Hits in red represent factors targetable with small molecule compounds. Blue font represents non-targetable hits. **b,** Western blot analysis of CDC7, p-MCM2 and MCM2 levels in non-transformed cell lines and liver cancer cell lines with HSP90 serving as a loading control. **c,** Immunohistochemical analysis showing increased CDC7 expression in HCC tissues compared to paired adjacent non-tumour tissues. **d,** According to the level of CDC7 mRNA obtained from the TCGA database (n=365), HCC patients were classified into 3 groups: the top 33.3% were considered as high expression, the medium 33.3% were considered as intermediate expression and the lowest 33.3% were considered as low expression. Kaplan-Meier curves depicting that upregulation of CDC7 mRNA correlates with poor prognosis of HCC patients. Statistical significance was calculated using a two-sided Log-rank test. **e,** *TP53* wild-type liver cancer cell lines (SK-Hep1 and Huh6) were stably transduced with control pLKO vector or with three independent shRNAs targeting *p53* (shp5*3*\#1, shp5*3*\#2, shp5*3*\#3). Based on knockdown efficiency, shp53\#1 and shp53\#3 were selected for further experiments. **f,** SK-Hep1 and Huh6 expressing a control shRNA (pLKO) or knockdown of *p53* (shp53) were exposed to the indicated concentrations of XL413 in colony formation assays. Cells were fixed, stained and photographed after 10-14 days of culture. **g,** Control or shp53 expressing SK-Hep1 and Huh6 were exposed to the indicated concentrations of XL413 for 5 days. CellTiter-Blue viability assays revealed that *TP53* knockdown synergizes with XL413 in SK-Hep1 and Huh6 cells (Graphs represent mean ± s.d. from six technical replicates). For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a-b, e-g** are representative of three independent biological experiments. Data in **c** are representative images from immunohistochemical analyses using a tissue microarray (TMA) containing 80 HCC specimens.](EMS84177-f005){#F5}

![CDC7 inhibition induces senescence selectively in *TP53* mutant liver cancer cells.\
**a,** *TP53* mutant liver cancer cell lines were cultured in the presence of 10 μM XL413 for 4 days, which induces senescence as detected by SA-β-gal staining. **b,** Growth curves measured by Incucyte live cell analyses of *TP53* mutant liver cancer cell lines either untreated, continuously treated with XL413, or treated with 10 μM of XL413 for 5 or 6 days prior to treatment withdrawal (Graphs represent mean ± s.d. from five technical replicates). **c,** Representative images of H3K9Me3 staining in *TP53* mutant liver cancer cell lines exposed to 10 μM XL413 for 7 days. **d,** XL413 treatment induces a senescence-associated secretory phenotype (SASP) in Hep3B and Huh7 cells treated with 10 μM XL413 for 7 days. mRNA expression of SASP genes was determined by qRT-PCR analysis (Graphs represent mean ± s.d. from four technical replicates). **e,** Liver cancer cells were cultured in the presence of 10 μM XL413 for 4 days and apoptotic cells were visualized by caspase-3/7 apoptosis assay. Data in **a** are representative of three independent biological experiments. Data in **b-e** are representative of two independent biological experiments.](EMS84177-f006){#F6}

![Pharmacological or genetic inhibition of CDC7 induces a senescent phenotype in *TP53* mutant liver cancer cells.\
**a, b,** *TP53* mutant liver cancer cell lines (Hep3B, Huh7, SNU398, MHCC97H and HCCLM3; blue) and *TP53* wild-type liver cancer cell lines (SK-Hep1 and Huh6; red) were seeded at low confluence and grown in the absence or presence of the CDC7 inhibitors LY3177833 or TAK-931 at the indicated concentrations, in long-term colony formation assays. Cells were fixed, stained, and photographed after 10-14 days of culture. **c, d,** Growth curves measured by Incucyte live cell analyses of *TP53* mutant liver cancer cell lines (Hep3B and Huh7; blue) and *TP53* wild-type liver cancer cell lines (SK-Hep1 and Huh6; red) exposed to LY3177833 or TAK-931 (Graphs represent mean ± s.d. from four technical replicates). **e, f,** Liver cancer cells were cultured in the presence of the CDC7 inhibitors LY3177833 or TAK-931 at the indicated concentration for 4 days. SA-β-Gal staining revealed that CDC7 inhibitors (LY3177833 or TAK-931) selectively induced senescence in *TP53* mutant liver cancer cells (blue) and not in *TP53* wild-type liver cancer cells (red). **g,** *TP53* mutant liver cancer cell lines (Hep3B and Huh7) and *TP53* wild-type liver cancer cell lines (SK-Hep1 and Huh6) were stably transduced with control pLKO vector or with two independent shRNAs targeting *CDC7* (shCDC7\#1, shCDC7\#2) and the efficiency of CDC7 knockdown in liver cancer cell lines was evaluated by western blot. **h,** Colony formation assays of *TP53* mutant (blue) and *TP53* wild-type liver cancer cell lines (red) with and without CDC7 knockdown were performed. Cells were fixed, stained, and photographed after 10 days of culture. **i,** CDC7 knockdown induced senescence in *TP53* mutant Hep3B and Huh7 cells, but not in *TP53* wild-type SK-Hep1 and Huh6 cells. Senescence was detected by SA-β-Gal staining. For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a-i** are representative of three independent biological experiments.](EMS84177-f007){#F7}

![CDC7 inhibition leads to DNA damage accumulation specifically in *TP53* mutant liver cancer cells.\
**a, b,** Western blot analysis of liver cancer cell lines treated with CDC7 inhibitors (LY3177833 or TAK-931) for 7 days. CDC7 inhibition induces the expression of the DNA damage marker γH2AX in *TP53* mutant liver cancer cells while lower γH2AX together with functional upregulation of p53 and p21^cip1^ were observed in *TP53* wild-type liver cancer cell lines post-XL413 treatment. **c,** Representative neutral comet assay images of *TP53* mutant (Hep3B and Huh7) and *TP53* wild-type (SK-Hep1 and Huh6) liver cancer cell lines treated with XL413 for 7 days. **d,** Heatmap displays log~2~ fold gene expression changes in *TP53* wild type (BJ and SK-Hep1) and *TP53* mutated (Huh7 and Hep3B) cells upon XL413 treatment (10 μM, 4 days). **e,** Gene set enrichment analysis (GSEA) was performed in RNA sequencing data from Hep3B, Huh7, SK-Hep1 and BJ cells treated with 10 μM XL413 for 4 days and identified DNA repair signatures (Recombinational Repair and Fanconi Anemia Pathway) to be significantly different in *TP53* mutant and *TP53* wild-type cells (See [methods](#S1){ref-type="sec"} for more detailed information). **f,** Neutral comet assays were performed on SK-Hep1 and Huh6 cells treated with 20 μM XL413 combined with AZD6738 (ATR inhibitor, 2.5 uM) or MK-8776 (CHK1 inhibitor, 2.5 uM) for 3 days. The value of tail moments in each treatment group were normalized based on the mean value of the control cells (n=50 per cell line/condition, graphs represent mean ± s.d., analysed with unpaired two-sided Student *t*-test. **g, h,** H2B-GFP Hep3B and Huh7 cells were cultured in absence or presence of XL413 (10 μM) and time-lapse microscopy was performed over 96 h to measure the length of mitosis (Graphs represent mean ± s.d., n=30 per cell line/condition, analysed with unpaired two-sided *t*-test). **i,** Mouse liver cancer cell lines with different genetic background (*Nras*^G12V^;*Myc*^OE^;*Trp53*^−/−^ and *Nras*^G12V^;*Myc*^OE^;*Cdkn2a*^ARF−/−^) were exposed to the indicated concentrations of CDC7 inhibitors (XL413, LY3177833 or TAK-931) for 7 days in colony formation assays. **j,** Western blot analysis of mouse liver cancer cell lines treated with XL413, LY3177833 or TAK-931 for 7 days. For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a-c, f, g, h** are representative of two independent biological experiments. Data in **i, j** are representative of three independent biological experiments.](EMS84177-f008){#F8}

![CDC7 inhibition induces senescence selectively in *TP53* mutant cancer cells.\
**a,** *TP53* mutant lung cancer cell lines (blue) and *TP53* wild-type lung cancer cell lines (red) were seeded at low confluence and grown in the absence or presence of XL413 at the indicated concentration for 10-14 days in colony formation assays. **b,** Lung cancer cells were exposed to 10 μM XL413 for 4 days, which induces senescence selectively in *TP53* mutant cells as detected by SA-β-gal staining. **c**, p53 expression was assessed in isogenic *TP53*^-/-^ and *TP53*^+/+^ HCT116 colon cancer cell lines by western blot. **d,** HCT116 *TP53*^+/+^ and HCT116 *TP53*^-/-^ cells were seeded at low confluence and grown in the absence or presence of XL413 at the indicated concentration for 7 days in a colony formation assay to assess their proliferation capacity. **e,** HCT116 *TP53*^+/+^ and HCT116 *TP53*^-/-^ cells were cultured in the presence of 10 μM XL413 for 4 days, and senescence was selectively induced in *TP53*^-/-^ HCT116, as detected by SA-β-Gal staining. For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a-e** are representative of two independent biological experiments.](EMS84177-f009){#F9}

![Sertraline selectively induces apoptosis in XL413-induced senescent cells through suppression of mTOR signalling.\
**a,** Schematic outline of the GPCR compound screen. Huh7 cells were treated with 10 μM XL413 for 5 days prior to seeding in 96-well plates. All compounds were tested at 4 different concentrations for 6 days and cell viability was measured using CellTiter-Blue assay. **b, c,** Graph depicting the effects of compounds on cell viability. Each point represents a single compound, with % activity calculated by dividing the cell viability score in the presence of 5 μM of that compound by the mean viability of the negative control. Blue dots indicate compounds inducing cell death in both control and XL413-induced senescent cells. Sertraline (red dot) induced selective cell death in XL413-induced senescent cells. Representative images of the effects of different compounds on XL413-treated and untreated cells were shown. **d,** Control cells and XL413-induced senescent cells were sequentially cultured with increasing concentrations of sertraline for 48 h and apoptotic cells were visualized by caspase-3/7 apoptosis assay. **e,** Control and XL413-treated cells were sequentially exposed to 10 μM sertraline and growth curves were measured by Incucyte live cell assay (Graphs represent mean ± s.d. from three technical replicates). **f,** Control and XL413-treated cells were sequentially treated with vehicle or 10 μM sertraline for 96 h in colony formation assay. **g,** Control and XL413-treated Huh7 and Hep3B cells were treated with sertraline (10 μM) for 24 h and western blot analyses of the indicated mTOR signalling pathway proteins were performed. **h,** Hep3B and Huh7 cells were treated with 10 μM XL413 for 10 days prior to sequential sertraline treatment (10 μM, 24 h) and RNA sequencing was performed. GSEA indicates that the gene set related to downregulation of mTOR signalling was negatively enriched in liver cancer cells sequentially treated with XL413 and sertraline (See [methods](#S1){ref-type="sec"} for more detailed information). **i-j,** *TP53* mutant liver cancer cell lines (SNU449 and PLC/PRF/5) and lung cancer cell lines (NCI-H358 and PC9) were treated with 10 μM XL413 or vehicle for 5-7 days and sequentially exposed to increasing concentrations of AZD8055. Apoptotic cells were visualized by caspase-3/7 apoptosis assay 96 h post-AZD8055 treatment. **k,** *TP53* mutant Hep3B and Huh7 cells were treated with 10 μM XL413 or vehicle for 7-10 days. Control cells and XL413-induced senescent cells were plated and exposed to increasing concentrations of the mTORC1/2 inhibitor AZD2014 prior to caspase-3/7 apoptosis assay at 96 h. **l,** *TP53* wild-type liver cancer cell lines (SK-Hep1 and Huh6) were treated with 10 μM XL413 or vehicle for 5-7 days prior to exposure to increasing concentrations of AZD8055. Apoptotic cells were visualized by caspase-3/7 apoptosis assay 96 h post-AZD8055 treatment. **m,** Control cells and XL413-induced senescent cells were treated with AZD2014 for 48 h. Western blot analysis was performed with the indicated antibodies (left panel) and the levels of p-S6RP and p-4EBP1 was normalized to total-S6RP and total-4EBP1, respectively (right panel), showing that AZD2014 treatment leads to strong mTOR signalling inhibition in XL413-induced senescent cells. For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a-f** are representative of three independent biological experiments. Data in **h-m** are representative of two independent biological experiments.](EMS84177-f010){#F10}

![The Receptor Tyrosine Kinase feedback activation induced post-AZD8055 treatment is disrupted in XL413-induced senescent cells.\
**a,** Control cells and XL413-treated Hep3B cells were treated with AZD8055 for 48 h and extracted proteins were analysed using a Human Phospho-Receptor Tyrosine Kinase Array Kit (left panel). The levels of p-RTK proteins were normalized to positive controls (right panel). **b,** Activation of Receptor Tyrosine Kinases (RTKs) identified by RTK arrays and phosphorylation of SHP2 were validated by western blot analyses. **c,** Hep3B cells were treated with AZD8055 for 48 h prior to mRNA extraction and quantification of the indicated Receptor Tyrosine Kinase genes were performed by qRT-PCR analysis (Graph represents mean ± s.d. from three technical replicates). **d,** Hep3B cells were treated with AZD8055, and cell lysates were collected at the indicated time points to perform western blot analyses with the indicated antibodies. **e,** Hep3B cells were exposed to increasing concentrations of the AKT inhibitor (MK-2206) in combination with AZD8055 and long-term colony formation assays were performed, revealing the synergistic effects of these compounds on cell viability. **f,** Hep3B cells were treated with AZD8055, MK-2206 or the combined compounds at the indicated concentrations for 5 days and apoptotic cells were visualized by caspase-3/7 apoptosis assay. For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. All experiments shown, except for the RTK array analyses, are representative of two independent biological experiments.](EMS84177-f011){#F11}

![AZD8055 does not induce apoptosis in Cisplatin or Alisertib-induced senescent cells\
**a,** BJ/ET/Ras^V12^ cells were treated with 100 nm 4-OHT for 21 days to induce senescence, as detected by SA-β-gal staining. **b,** Control or senescent BJ/ET/Ras^V12^ cells were treated with either vehicle or 400 nM AZD8055 for 96 hours and apoptotic cells were visualized by caspase-3/7 apoptosis assay. **c,** Hep3B cells were cultured in the presence of Cisplatin or Alisertib (Aurora-A kinase inhibitor) for 4 days at the indicated concentrations and senescence induction was detected by SA-β-gal staining. **d,** Hep3B cells were treated with Cisplatin (1 μg/ml) or Alisertib (250 nM) for 4 days and subsequently exposed to vehicle or 400 nM AZD8055 for 96 hours. Apoptotic cells were visualized by caspase-3/7 apoptosis assay. **e,** Control cells, Cisplatin, Alisertib or XL413-induced senescent cells were treated with AZD8055, and cell lysates were collected at the indicated time points. Western blot analyses were performed with the indicated antibodies revealing that mTOR signalling feedback loop is functional in Cisplatin and Alisertib-induced senescent cells while it is efficiently inhibited in XL413-induced senescent cells. For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a-e** are representative of two independent biological experiments.](EMS84177-f012){#F12}

![Pro-senescence treatment combined with mTOR inhibitor suppresses tumour growth in liver cancer xenografts.\
**a,** Representative images of γH2AX and SA-β-Gal staining performed on formalin-fixed, paraffin-embedded or frozen sections from subcutaneous Huh7 xenografts treated with vehicle, XL413, AZD8055 or combination for 12 days. **b,** Representative images of SA-β-Gal staining performed on frozen sections from subcutaneous SK-Hep1 xenografts treated either with vehicle or XL413 for 21 days. **c,** Tumour volume measurements in vehicle, XL413, AZD8055 or combination-treated mice bearing Huh7 and MHCC97H xenografts at endpoint (12 days and 22 days, respectively, for sample size see [Figure 4a](#F4){ref-type="fig"}). One mouse in the vehicle group and one mouse in the XL413 group were excluded in the analysis, since the maximum permitted tumour volumes (2,000 mm^3^) were reached prior to trial endpoint. Graph shows mean ± s.e.m., analysed with two-sided unpaired Student *t*-test. **d, e,** Longitudinal tumour volume progression in Huh7 and MHCC97H tumour-bearing mice treated with vehicle or sorafenib for 16 or 22 days, revealing that sorafenib therapy displays limited efficacy in these two different xenograft models. Graph shows mean ± s.e.m. **f, g,** Representative images of H&E, PCNA, cleaved caspase-3 and p-4EBP1 staining performed on formalin-fixed, paraffin-embedded Huh7 and MHCC97H xenografts from mice sacrificed after the last dose of vehicle, XL413, AZD8055 or combination treatment. Data in **a, b, f, g** are representative of three independent biological experiments.](EMS84177-f013){#F13}

![Pro-senescence treatment combined with mTOR inhibitor suppresses tumour growth in p53-deficient, immunocompetent somatic murine models of HCC\
**a,** Schematic representation of hydrodynamic tail vein gene delivery of the c-Myc proto-oncogene transposon system and a CRISPR-Cas9 vector targeting either *Trp53* or *Pten* tumour suppressor, used to induce HCC 2-3 weeks post-HDTV injection (HDTVi). **b,** Quantification of SA-β-Gal staining performed on frozen sections from *Myc*^OE^;*Pten*^KO^ or *Myc*^OE^;*Trp53*^KO^ HCC 14 days post treatment with vehicle or XL413 monotherapy (*Myc*^OE^;*Trp53*^KO^ also showed in [Fig. 4f](#F4){ref-type="fig"}). For *Myc*^OE^;*Pten*^KO^ analyses: vehicle, n=9 biologically independent nodules out of 3 mice; XL413, n=16 biologically independent nodules out of 3 mice. For *Myc*^OE^;*Trp53*^KO^, vehicle, n=41 biologically independent nodules out of 7 mice; XL413, n=81 biologically independent nodules out of 11 mice. Graph shows the mean ± s.e.m. of the number of SA-β-Gal positive cells per tumour nodule/mm^2^. Statistics were calculated by two-sided unpaired Student *t*-test. **c,** Trial design to evaluate the efficacy of the pro-senescence treatment combined with mTOR inhibitor in *Myc*^OE^;*Trp53*^KO^ HCC-bearing mice: Animals were monitored by weekly MRI post-HDTVi and enrolled into vehicle, XL413 (100mg/kg, daily gavage), AZD8055 (20mg/kg, daily gavage) or XL413+AZD8055 combination treatment groups at first signs of tumour development by MRI. Drugs were administered 6 days / week, and mice were sacrificed when symptomatic. Immunohistochemical (IHC) analyses confirmed Myc expression and p53 knockout in endpoint *Myc*^OE^;*Trp53*^KO^ HCC. **d,** Longitudinal individual body weight curves from *Myc*^OE^;*Trp53*^KO^ tumour-bearing mice treated with the combination of XL413+AZD8055 therapies. **e,** Individual tumour growth curves from mice treated with vehicle, XL413, AZD8055 or combination treatment were calculated based on MRI images from *Myc*^OE^;*Trp53*^KO^ tumour-bearing mice. **f,** *Myc*^OE^;*Trp53*^KO^ tumour volumes from HCC-bearing mice treated with vehicle (n=5, as shown in [Fig. 4c](#F4){ref-type="fig"}), Sorafenib (n=4) or XL413 + AZD8055 (n=6) at day 0 and day 14. Graphs show mean ± s.e.m. analysed with two-sided unpaired Student *t*-test. **g, h,** Representative images of SA-β-Gal (**g**) and p16 (**h**) staining performed on frozen and paraffin-embedded sections, respectively, from *Myc*^OE^;*Trp53*^KO^ tumour-bearing mice treated with the indicated drugs and sacrificed at the intermediate timepoint (14-16 days in time-matched treated cohorts. Quantification are shown in [Fig. 4f, g](#F4){ref-type="fig"}). Scale bar, 50 µm. **i,** *Myc*^OE^;*Trp53*^KO^ tumour-bearing mice treated with vehicle, XL413, AZD8055 or combination were sacrificed at the indicated time point post-treatment. Tumours were dissociated as single cell suspension and flow cytometry analyses were performed to determine the content of tumour-associated macrophages (CD45^+^ CD11b^+^Ly6C^-^Ly6G^-^), CD8 T cells (CD45^+^ CD3^+^CD19^-^ NK1.1^-^CD8^+^) and CD4 T cells (CD45^+^ CD3^+^ CD19^-^ NK1.1^-^CD4^+^) relative to total CD45^+^ leucocytes and cell proliferation (Ki67^+^) was determined within CD8 T cells and CD4 T cell populations. Graphs show mean ± s.e.m., analysed with two-sided unpaired Student *t*-test (for sample size, see [methods](#S1){ref-type="sec"}). **j,** *Myc*^OE^;*Trp53*^KO^ HCC-bearing mice were treated with XL413 (n=20) or XL413+AZD8055 combination (n=8) for 14 days. Among the XL413-treated mice, a subset (n=10) was sacrificed directly 14 days post treatment, concomitantly to the combination-treated group. The rest of the XL413-treated mice (n=10) underwent XL413-drug withdrawal for 4 days. The absolute number of senescent cells per tumour nodule were visualized by SA-β-Gal staining performed on frozen sections and quantified for each treatment group (XL413 n=60 biologically independent nodules out of 10 mice; XL413 withdrawn n=63 biologically independent nodules out of 10 mice; XL413+AZD8055 n=57 biologically independent nodules out of 7 mice). Graphs show mean ± s.e.m. analysed with two-sided unpaired Student *t*-test. Data in **c** are representative of three independent biological experiments.](EMS84177-f014){#F14}
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![A two-step screen identifies CDC7 as a target for senescence-inducing strategy in liver cancer.\
**a,** Hep3B and Huh7 cells were transduced with a lentiviral kinome gRNA library and three independent replicates were cultured for 14 days (T14). gRNA barcodes from T0 and T14 samples were recovered by PCR and analysed by next generation sequencing. The y axis shows log2-fold change in abundance (ratio of gRNA frequency in T14 sample to that in T0 sample). The x axis depicts the average read-count in the T0 sample. **b,** 38 common hits (among top 50 most strongly depleted hits in each cell line) were identified by CRISPR screen in Hep3B and Huh7 cells. **c**, Heatmap indicates the effects of compounds (ten compounds targeting 14 hits identified by CRISPR screen, 5 μM for 4 day-treatments) on inducing senescence-associated β-galactosidase (SA-β-Gal) activity in non-transformed cell lines (BJ and RPE-1) and liver cancer cell lines (Hep3B and Huh7). **d,** CDC7 mRNA expression in paired tumour and non-tumour tissues from GSE14520 cohort (n=213) and TCGA database (n=50). Paired two-sided *t*-test. Data in graphs are mean ± s.d. Data in **a-c** are representative of three independent biological experiments.](EMS84177-f001){#F1}

![CDC7 inhibition selectively induces senescence in *TP53* mutant liver cancer cells.\
**a,** Long-term colony formation assay was performed over 10-14 days on *TP53* mutant liver cancer cell lines (blue), *TP53* wild-type liver cancer cell lines (red), and non-transformed cell lines (purple) cultured with the indicated concentrations of XL413. **b,** Liver cancer cells and non-transformed cell lines were cultured in the presence of 10 μM XL413 for 4 days and induction of senescence was assessed by staining for SA-β-Gal activity. **c,** GSEA (gene set enrichment analysis) of senescence signature (FRIDMAN_SENESCENCE_UP) in sequence data from Hep3B and Huh7 cells treated with 10 μM XL413 for 4 days (See [methods](#S1){ref-type="sec"} for more detailed information). **d,** Proteins were extracted from *TP53* mutant and wild-type liver cancer cell lines treated with XL413 (10 μM) for 7 days and analysed by western blotting. **e,** Neutral comet assays were performed on Hep3B, Huh7, SK-Hep1 and Huh6 cells cultured with 10 μM XL413 for 7 days. The value of tail moments in each treatment group were normalized based on the mean value of the control cells. (n=50 per cell line/condition, data in graphs are mean ± s.d. and analysed by unpaired two-sided *t*-test). **f,** GSEA in *TP53* mutant (Hep3B and Huh7) and *TP53* wild-type (SK-Hep1 and BJ) cells treated with 10 μM XL413 for 4 days (FA=Fanconi Anemia, DSB=double strand break, HR=homologous recombination). For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a, b** are representative of three independent biological experiments. Data in **d, e** are representative of two independent biological experiments.](EMS84177-f002){#F2}

![AZD8055 selectively triggers apoptosis in XL413-induced senescent cells.\
**a,** Hep3B and Huh7 cells were treated with 10 μM XL413 or vehicle for 10 days prior to sequential exposure to increasing concentrations of AZD8055 for 5-7 days in colony formation assays. **b,** Apoptotic cells were determined by caspase-3/7 apoptosis assay 96 h after AZD8055 treatment. **c,** Control cells and XL413-induced senescent cells were treated with AZD8055 for 48 h prior to western blot analyses with the indicated antibodies. **d,** Control cells and XL413-induced senescent cells were treated with AZD8055, and cell lysates were collected at the indicated time points prior to western blot analyses with the indicated antibodies. **e, f,** Long-term colony formation and caspase-3/7 apoptosis assays showing the synergistic effect of mTOR and SHP2 inhibitors on Hep3B proliferation. **g,** Hep3B cells were treated with AZD8055, SHP2 inhibitor or the combination of both drugs at the indicated time points prior to western blot analysis with the indicated antibodies. For gel source images, see [Supplementary Figure 1](#SD11){ref-type="supplementary-material"}. Data in **a-f** are representative of three independent biological experiments. Data in **g** are representative of two independent biological experiments.](EMS84177-f003){#F3}

![CDC7 inhibition induces senescence *in vivo* and suppresses tumour growth when combined with mTOR inhibition in multiple liver cancer models.\
**a,** Huh7 and MHCC97H cells were grown as tumour xenografts in BALB/c nude mice. Longitudinal tumour volume progression in Huh7 and MHCC97H tumour-bearing mice treated with vehicle, XL413, AZD8055 or combined therapies for 12 or 22 days, respectively. Graph shows mean ± s.e.m. **b-g,** Analyses of combination therapy response in the *Myc*^OE^;*Trp53*^KO^ HCC somatic murine model. **b,** Representative MRI images out of 9 independent experimental cohorts, of day 0 and day 14 of mice enrolled in vehicle, XL413, AZD8055 or combination treatment. The yellow line indicates the visible tumour area used to calculate the tumour volume. **c,** Tumour volumes were calculated based on MRI images from HCC-bearing mice with matched initial tumour volume. Graph shows mean ± s.e.m. from mice treated with vehicle (n=5), XL413 (n=8), AZD8055 (n=11) or combination (n=8) at the intermediate time point post-treatment initiation (day 14-16 in matched treatment groups, unpaired two-sided *t*-test). **d,** Survival curve generated from *Myc*^OE^;*Trp53*^KO^-tumour bearing mice treated with vehicle (n=11; median survival 17 days), XL413 (n=10; median survival 22.5 days), AZD8055 (n=11; median survival 20 days) or combination (n=11; median survival 33 days). **e,** Survival curve generated from independent cohorts of *Myc*^OE^;*Trp53*^KO^-HCC bearing mice treated with sorafenib (n=4; median survival 19.5 days) or combination of XL413 and AZD8055 (n=8; median survival 41.5 days). Vehicle group from Fig. 4d is used as a reference. **d, e,** Statistical significance was calculated using a two-sided Log-rank test. **f, g,** Graphs show mean ± s.e.m. of number of SA-β-Gal^+^ (**f**) or p16^+^ (**g**) cells per tumour nodule/mm^2^ (unpaired two-sided *t*-test. For sample size, see [methods](#S1){ref-type="sec"}).](EMS84177-f004){#F4}
